Aims. We report a new microscopic equation of state (EOS) of dense symmetric nuclear matter, pure neutron matter, and asymmetric and β-stable nuclear matter at zero temperature using recent realistic two-body and three-body nuclear interactions derived in the framework of chiral perturbation theory (ChPT) and including the ∆(1232) isobar intermediate state. This EOS is provided in tabular form and in parametrized form ready for use in numerical general relativity simulations of binary neutron star merging. Here we use our new EOS for β-stable nuclear matter to compute various structural properties of non-rotating neutron stars. Methods. The EOS is derived using the Brueckner-Bethe-Goldstone quantum many-body theory in the Brueckner-Hartree-Fock approximation. Neutron star properties are next computed solving numerically the Tolman-Oppenheimer-Volkov structure equations. Results. Our EOS models are able to reproduce the empirical saturation point of symmetric nuclear matter, the symmetry energy E sym , and its slope parameter L at the empirical saturation density n 0 . In addition, our EOS models are compatible with experimental data from collisions between heavy nuclei at energies ranging from a few tens of MeV up to several hundreds of MeV per nucleon. These experiments provide a selective test for constraining the nuclear EOS up to ∼ 4n 0 . Our EOS models are consistent with present measured neutron star masses and particularly with the mass M = 2.01 ± 0.04 M ⊙ of the neutron stars in PSR J0348+0432.
Introduction
With central densities exceeding the density of atomic nuclei (2.6 × 10 14 g/cm 3 ) several times over, neutron stars (NSs) are the densest macroscopic objects in the universe. They thus represent incomparable natural laboratories that allow us to investigate the constituents of matter and their interactions under extreme conditions that cannot be reproduced in any terrestrial laboratory, and to explore the phase diagram of quantum chromodynamics (QCD) in a region that is presently inaccessible to numerical calculations of QCD on a space-time lattice (D'Elia & Lombardo 2003; Gupta 2010; Fukushima & Hatsuda 2011) .
The global properties of NSs (mass, radius, maximum mass, maximum spin frequency, etc.) and their internal composition (constituent particle species and possible different phases of matter) primarily depend on the equation of state (EOS) of strong interacting matter (Prakash et al. 1997; Lattimer & Prakash 2016) i.e., on the thermodynamical relation between the matter pressure, energy density, and temperature. The EOS of dense matter is also a basic ingredient for modeling various astrophysical phenomena related to NSs, such as core-collapse supernovae (SNe) (Oertel et al. 2017 ) and binary neutron star (BNS) mergers.
Determining the correct EOS model that describes NSs is a fundamental problem of nuclear and particle physics and of astrophysics, and major efforts have been made during the last few decades to solve it by measuring different NS properties using the data collected by various generations of X-ray and γ-ray satellites and by ground-based radio telescopes.
The recent detection of four gravitational wave events (Abbott et al. 2016a (Abbott et al. ,b, 2017a caused by binary black hole mergers, but in particular the very recent detection of gravitational wave signals from a binary neutron star merger (Abbott et al. 2017c) , is giving a big boost to the research on dense matter physics. The gravitational wave signal, especially from the BNS post-merger phase, offers a unique opportunity to test different dense matter EOS models (Shibata et al. 2005; Bauswein & Janka 2012; Takami et al. 2014; Bernuzzi et al. 2015; Sekiguchi et al. 2016; Rezzolla & Takami 2016; Bauswein et al. 2016; Endrizzi et al. 2016; Maione et al. 2016; Ciolfi et al. 2017; Radice et al. 2017; Piro et al. 2017) . Thus, gravitational wave astronomy will open a new window to explore matter under extreme conditions.
As mentioned before, due to their large central densities, various "exotic" constituents, for example hyperons (Glendenning 1985; Chatterjee & Vidaña 2016; Haidenbauer et al. 2017) or a quark deconfined phase of matter (Glendenning 1996; Bombaci et al. 2008; Logoteta et al. 2012; Bombaci & Logoteta 2013; Bombaci et al. 2016) , are expected in neutron star interiors.
In the present work we consider the more traditional view where the core of a NS is modeled as a uniform charge-neutral fluid of neutrons, protons, electrons, and muons in equilibrium with respect to the weak interaction (β-stable nuclear matter). Even in this "simplified" picture, the determination of the EOS from the underlying nuclear interactions remains a challenging theoretical problem. In fact, it is necessary to calculate the EOS to extreme conditions of high density and high neutron-proton asymmetry, i.e., in a regime where the EOS is poorly constrained by nuclear data and experiments. The nuclear symmetry energy is thus one of the most important quantities that controls the composition and the pressure of β-stable nuclear matter Zuo et al. 2014) , and consequently many NS attributes such as the radius, moment of inertia, and crustal properties (Lattimer 2014; Lattimer & Prakash 2016) .
Another important issue is related to the role of three-nucleon forces (TNFs) on the EOS, particularly at high density. In fact, it is well known that TNFs are essential in order to reproduce the experimental binding energy of few-nucleon systems (A = 3, 4) and the empirical saturation point (n 0 = 0.16 ± 0.01 fm −3 , E/A| n 0 = −16.0 ± 1.0 MeV) of symmetric nuclear matter. As shown by several microscopic calculations (Wiringa et al. 1988; Baldo et al. 1997; Akmal et al. 1998; of the EOS of β-stable nuclear matter based on realistic nucleon-nucleon (NN) interactions supplemented with TNFs, it is possible to obtain NSs with maximum mass 1 M max ∼ 2 M ⊙ , thus in agreement with currently measured masses. However, the value of M max depends in a sensitive manner on the TNFs strength at high density , thus indicating that the properties of few-body nuclear systems and of nuclear matter saturation cannot be used to constrain TNFs at high density.
Recent years have witnessed a significant progress in the description of nuclear interactions. In fact, the chiral effective field theory (ChEFT) has opened a new avenue for the description of nuclear interactions (Weinberg 1979 (Weinberg , 1990 (Weinberg , 1991 (Weinberg , 1992 Epelbaum et al. 2009; Machleidt & Entem 2011) and nuclear systems consistent with QCD, the fundamental theory of the strong interaction. The significant advantage of using this method consists in the fact that two-body, three-body, and even many-body nuclear interactions can be calculated perturbatively, i.e., order by order, according to a well-defined scheme based on a low-energy effective QCD Lagrangian that retains the symmetries of QCD and in particular the approximate chiral symmetry. Within this chiral perturbation theory (ChPT) the details of the QCD dynamics are contained in parameters known as the low-energy constants (LECs), which are fixed by low-energy experimental data.
Recently Piarulli et al. (2016) have formulated a fully local in coordinate-space two-nucleon chiral potential which includes the ∆(1232) isobar (hereafter the ∆ isobar) intermediate state. This new potential represents the fully local version of the minimally nonlocal chiral interaction reported in Piarulli et al. (2015) . It has been pointed out by various authors (Kaiser et al. 1998; Krebbs et al. 2007 ) that a ∆-full ChPT has an improved convergence with respect to the ∆-less ChPT. In addition, the ∆-full ChPT naturally leads to TNFs induced by two-pion exchange with excitation of an intermediate ∆, the celebrated Fujita-Miyazawa three-nucleon force (Fujita & Miyazawa 1957) .
In this work, we present a new microscopic EOS of dense symmetric nuclear matter (SNM), pure neutron matter (PNM), and asymmetric and β-stable nuclear matter at zero temperature using the local chiral potential by Piarulli et al. (2016) supplemented with TNFs (Logoteta et al. 2016b ) and employing the Brueckner-Bethe-Goldstone (BBG) (Day 1967; Baldo & Burgio 2012) many-body theory within the Brueckner-Hartree-Fock (BHF) approximation. This zero temperature EOS is provided both in tabular form and in parametrized form ready for use in numerical general relativity simulations of binary neutron star merging after being supplemented by a thermal contribution as described in (e.g., Shibata et al. 2005; Bauswein & Janka 2012; Takami et al. 2014; Bernuzzi et al. 2015; Rezzolla & Takami 2016; Bauswein et al. 2016; Endrizzi et al. 2016; Maione et al. 2016; Ciolfi et al. 2017) .
In addition, we use our new EOS for β-stable nuclear matter to compute various structural properties of non-rotating neutron stars. The present work represents a development and an extension to high nuclear baryon densities (n > 2.5n 0 ) relevant for astrophysical applications with respect to our previous works (Logoteta et al. 2015 (Logoteta et al. , 2016a where ChPT nuclear interactions are used in BHF calculations of nuclear matter properties around the empirical saturation density.
The paper is organized as follows: in Section 2 we present the nuclear interactions we have considered; in Section 3 we describe the BBG many-body theory and discuss the inclusion of TNFs in this framework; in Section 4 we present our results for the EOS of SNM and PNM; in Section 5 we report the calculated symmetry energy and the EOS for asymmetric and β-stable nuclear matter; in Section 6 we present various neutron star properties, as calculated with our new EOS; in the last section we summarize our main results.
Nuclear interactions in chiral perturbation theory
In this section we briefly describe the specific interactions we have employed in the present work. Among the wide variety of nuclear interactions derived in the framework of ChPT, for the two-body nuclear interaction, we have used the fully local chiral potential at the next-to-next-to-next-to-leading-order (N3LO) of ChPT, including ∆ isobar excitations in intermediate state (hereafter N3LO∆) recently proposed by Piarulli et al. (2016) . This potential was originally presented in Piarulli et al. (2015) in a minimal non-local form. We note that Piarulli et al. (2016) report different parametrizations of the local potential obtained by fitting the low-energy NN experimental data using different long-and short-range cutoffs. In the calculations presented in this work, we use the model b described in Piarulli et al. (2016) (see their Table II) , which fits the Granada database (Navarro et al. 2013 ) of proton-proton (pp) and neutron-proton (np) scattering data up to an energy of 125 MeV in the laboratory reference frame and has a χ 2 /datum∼ 1.07. There is a great deal of experimental evidence that the ∆ isobar plays an important role in nuclear processes. For instance the excitation of the ∆ isobar is needed to reproduce the observed energy spectra of low-lying states in s-and p-shell nuclei and to reproduce the correct spin-orbit splitting of P-wave resonances in low-energy n-α scattering (Pieper et al. 2001; Nollett et al. 2007; Carlson et al. 2015) . It is consequently very important to test this new chiral nuclear potential (Piarulli et al. 2016 ) also in nuclear matter calculations at high density for astrophysical applications.
For the TNF, we have used the potential by Epelbaum et al. (2002) calculated at the next-to-next-to-leading-order (N2LO) of ChPT in its local version given by Navratil (2007) . The N2LO TNF depends on the parameters c 1 , c 3 , c 4 , c D , and c E , i.e., the LECs. The N2LO three-nucleon interaction keeps the same operatorial structure, including or not the ∆ degrees of freedom (Krebbs et al. 2007) . We note that the constants c 1 , c 3 , and c 4 are already fixed at the two-body level by the N3LO interaction. However, when including the ∆ isobar in the three-body potential, the parameters c 3 and c 4 take additional contribution from the Fujita-Miyazawa diagram. This diagram appears at the next-to-leading-order (NLO) of ChPT and it is clearly not present in the theory without the ∆ (see discussion in Logoteta et al. 2016b for more details).
The values of the LECs c i in the TNF used in the present work are reported in Table 1 for two different parametrizations. As mentioned previously, the parameters c 1 , c 3 , and c 4 are already fixed by the NN and πN (pion-nucleon) interaction, while the parameters c D and c E are not determined at the two-body level and thus have to be set by reproducing some specific observable of few-body nuclear systems or by reproducing the empirical saturation point of SNM.
The first TNF parametrization (hereafter N2LO∆1) was determined in Logoteta et al. (2016b) , fitting the LECs c D and c E to get a good saturation point for SNM. For the second TNF parametrization (hereafter N2LO∆2) the values of c D and c E were set in order to reproduce the 3 H binding energy (Logoteta et al. 2016b ).
The Brueckner-Bethe-Goldstone many-body theory
The Brueckner-Bethe-Goldstone (BBG) many-body theory is based on a linked cluster expansion (the hole-line expansion) of the energy per nucleon E ≡ E/A of nuclear matter. The various terms of the expansion can be represented by Goldstone diagrams grouped according to the number of independent hole-lines (i.e., lines representing empty single particle states in the Fermi sea). The basic ingredient in this approach is the Brueckner reaction matrix G, which sums, in a closed form, the infinite series of the so-called ladder-diagrams and takes into consideration the short-range strongly repulsive part of the nucleon-nucleon interaction.
In the general case of asymmetric nuclear matter with neutron number density n n , proton number density n p , total nucleon number density n = n n + n p , and isospin asymmetry (asymmetry parameter),
the reaction matrix depends on the isospin 3rd components τ and τ ′ of the two interacting nucleons. Thus, there are different G-matrices describing the nn, pp, and np in medium effective interactions. They are obtained by solving the generalized BetheGoldstone equations
where v is the bare NN interaction (or a density dependent two-body effective interaction when three-nucleon forces are introduced; see next section) and the quantity ω is the so-called starting energy. In the present work we consider spin unpolarized nuclear matter, thus in equation (2) and in the following equations we drop the spin indices to simplify the formalism 2 . The operator F and k
F since states with momenta smaller that these values are occupied by the nucleons of the nuclear medium. Thus the Bethe-Goldstone equation describes the scattering of two nucleons in the presence of other nucleons, and the Brueckner G matrix represents the effective interaction between two nucleons in the nuclear medium and properly takes into account the short-range correlations arising from the strongly repulsive core in the bare NN interaction.
The single-particle energy ǫ τ (k) of a nucleon (τ =n, p) with momentum k and mass m τ is given by
where U τ (k) is a single-particle potential that represents the mean field felt by a nucleon due to its interaction with the other nucleons of the medium. In the BHF approximation of the BBG theory, U τ (k) is calculated through the real part of the on-energy-shell Gmatrix (Bethe et al. 1963; Hüfner & Mahaux 1972) and is given by
where the sum runs over all neutron and proton occupied states, ω
, and the matrix elements are properly antisymmetrized. We make use of the so-called continuous choice (Jeukenne et al. 1976; Grangè et al. 1987; Baldo et al. 1990 Baldo et al. , 1991 for the single-particle potential U τ (k) when solving the Bethe-Goldstone equation. As shown by Song et al. (1998) and Baldo et al. (2000) , the contribution of the three-hole-line diagrams to the energy per nucleon E/A is minimized in this prescription and a faster convergence of the hole-line expansion for E/A is achieved with respect to the gap choice for U τ (k).
In this scheme Eqs. (2)-(4) have to be solved self-consistently using an iterative numerical procedure. Once a self-consistent solution is achieved, the energy per nucleon of asymmetric nuclear matter is
where
is the total kinetic energy per nucleon. In the previous expression, m n and m p respectively denote the neutron and proton masses, m = (m n + m p )/2 the average nucleon mass, and
the kinetic energy per nucleon of SNM, with µ = m n m p /(m n + m p ) being the reduced nucleon mass. The second term in Eq. (5) gives the potential energy contribution to total energy per nucleon. In the BHF approximation it can be written as
In this approach the two-body interaction v is the only physical input for the numerical solution Bethe-Goldstone equation.
As is well known, within the most advanced non-relativistic quantum many-body approaches it is not possible to reproduce the empirical saturation point of symmetric nuclear matter when using two-body nuclear interactions only. In fact, the saturation points obtained using different NN potentials lie within a narrow band called the Coester band (Coester et al. 1970; Day 1981) , with either a too large saturation density or a too small binding energy (B = −E/A) compared to the empirical values. In particular, SNM turns out to be overbound with a too large saturation density when using modern high-precision NN potentials, fitting NN scattering data up to energy of 350 MeV, with a χ 2 per datum next to 1 (Li et al. 2006) . As in the case of few-nucleon systems (Kalantar-Nayestanak et al. 2012; Hammer et al. 2013; Binder et al. 2016 ) and also for the nuclear matter case, TNFs are considered to be the missing physical effect of the whole picture. The inclusion of TNF is thus required in order to reproduce a realistic saturation point (Friedman & Pandharipande 1981; Baldo et al. 1997; Akmal et al. 1998; Taranto et al. 2013; Zuo et al. 2014 ). In addition, TNFs are crucial in the case of dense β-stable nuclear matter to obtain a stiff EOS (Baldo et al. 1997; Akmal et al. 1998; Chamel et al. 2011 ) compatible with the measured masses M = 1.97 ± 0.04 M ⊙ (Demorest et al. 2010 ) and M = 2.01 ± 0.04 M ⊙ (Antoniadis et al. 2013 ) of the neutron stars in PSR J1614-2230 and PSR J0348+0432, respectively.
Within the BHF approach TNFs cannot be used directly in their original form because it would be necessary to solve three-body Faddeev equations in the nuclear medium (Bethe-Faddeev equations) (Bethe 1965; Rajaraman & Bethe 1967) , and currently this is a task still far from being achieved. To circumvent this problem an effective density dependent two-body force v e f f NN (n) is built starting from the original three-body force by averaging over one of the three nucleons (Loiseau et al. 1971; Grangé et al. 1989) .
In the present work, following Holt et al. (2010) , we derive a density dependent effective NN force averaging the chiral N2LO∆1 and N2LO∆2 TNFs in the nuclear medium, as described in more detail in Logoteta et al. (2016b) .
The Bethe-Goldstone equation (2) is then solved adding this effective density dependent two-body force to the bare NN interaction (the N3LO∆ interaction in our case). It is important to note that when the original N2LO∆1 and N2LO∆2 TNFs are reduced to an effective density dependent two-body interaction v e f f NN (n), the only terms that survive in PNM after the average are those proportional to the LECs c 1 and c 3 (Logoteta et al. 2016b ). Thus, the calculations using the models N3LO∆+N2LO∆1 and N3LO∆+N2LO∆2 give the same results in PNM because they are not affected by the values of the LECs c D and c E , and they have the same values for the LECs c 1 and c 3 (see Table 1 ).
Equation of state for symmetric nuclear matter and pure neutron matter
In this section we present and discuss the results of our calculations for the equation of state, i.e., the energy per nucleon E/A as a function of the baryon number density n, for SNM (β = 0) and PNM (β = 1) using the chiral nuclear interaction models and the BHF approach described in the previous pages. In this section of our work, we extend the nuclear matter calculations reported in Logoteta et al. (2016b) to high nucleon densities (n > 0.4 fm −3 ) relevant for neutron star physics, binary neutron star merging, and core-collapse supernovae. . Energy per particle of pure neutron matter (triangles) and symmetric nuclear matter (squares and circles) as a function of the nucleon number density for the interaction models considered in this work. The various symbols represent the results of our microscopic BHF calculations, whereas the lines represent the energy per particle obtained using the parametrization given by equations (18) and (19) for the potential energy contribution to E/A for SNM and PNM.
We note that we have to solve the general Eqs. (2)- (4) even when we consider the case of SNM since the N3LO∆ two-nucleon interaction contains charge-independence breaking (CIB) and charge-symmetry breaking (CSB) terms (for a review, see, e.g., Miller et al. 2006 ) and since we consider the experimental values of the neutron and proton masses, i.e., we do not consider the approximation m n = m p .
Making the usually adopted angular average of the Pauli operator and of the energy denominator (Grangè et al. 1987; Baldo et al. 1991) , the Bethe-Goldstone equation (2) can be expanded in partial waves. In all the calculations performed in the present work, we have considered partial wave contributions up to a total two-body angular momentum J max = 8. We have verified that the inclusion of partial waves with J max > 8 does not appreciably change our results. For example, the relative change in the calculated BHF potential energy per nucleon (Eq. (8)) in SNM at density n = 1.0 fm −3 when including partial wave contributions up to J max = 10 is
In Fig. 1 we show the energy per nucleon of SNM obtained using the two parametrizations (see Table 1 ) of the chiral N2LO∆ TNF, namely N2LO∆1 (squares) and N2LO∆2 (circles). The different symbols represent the results of our microscopic BHF calculations, whereas the lines represent the energy per particle obtained using the parametrization given by equations (18) and (19) for the potential energy contribution to E/A for SNM and PNM discussed in the next section. It is apparent that at low density (n < 0.3 fm −3 ) the two models produce almost identical results. At n = 0.4 fm −3 the difference between the energy per nucleon originating from the two TNF models is ∼ 3 MeV. This energy difference increases for increasing nucleon densities and is equal to ∼ 41.5 MeV at n = 1.0 fm −3 . In the case of PNM the energy per particle (triangles in Fig. 1 ) for the two TNF models coincide because, as discussed in the previous section, neutron matter is not affected by terms proportional to the LECs c E and c D .
In Table 2 we list the calculated values of the saturation points of SNM for the two interaction models considered in the present work. As we can see, the empirical saturation point of SNM, n 0 = 0.16 ± 0.01 fm −3 , E/A| n 0 = −16.0 ± 1.0 MeV, is fairly well reproduced by our microscopic calculations. In Table 2 we also report the nuclear symmetry energy, calculated as E sym (n) = E(n, β = 1) − E(n, β = 0), and the symmetry energy slope parameter,
at the calculated saturation density n 0 (second column in Table 2 ). Our calculated E sym (n 0 ) and L are in a satisfactory agreement with the values obtained by other BHF calculations with two-and three-body interactions (Li et al. 2006; Vidanã et al. 2009 Vidanã et al. , 2011 and with the values extracted from various nuclear experimental data (Lattimer 2014) . The incompressibility of SNM
at the calculated saturation point for the interaction models used in the present work is given in the last column of Table 2 . Our calculated values for K ∞ underestimate the empirical value K ∞ = 210 ± 30 MeV (Blaizot et al. 1976) or more recently K ∞ = 240 ± 20 MeV (Shlomo et al. 2006 ) extracted from experimental data of giant monopole resonance energies in medium-mass and heavy nuclei. This is a common feature with many other BHF nuclear matter calculations with two-and three-body nuclear interactions Vidanã et al. 2009 ).
In addition to the empirical constraints at density around the saturation density n 0 , the nuclear EOS can be tested using experimental data from collisions between heavy nuclei at energies ranging from a few tens of MeV up to several hundreds of MeV per nucleon. These collisions can compress nuclear matter up to ∼ 4n 0 , thus giving valuable empirical information on the nuclear EOS at these supranuclear densities. Based on numerical simulations that reproduce the measured elliptic flow of matter in collision experiments between heavy nuclei, Danielewicz et al. (2002) have been able to obtain a region in the pressure-density plane for Table 2 . Properties of nuclear matter for the interaction models used in this work. Notes. Saturation density n 0 (Col. 2) and corresponding energy per nucleon E/A (Col. 3) for symmetric nuclear matter; symmetry energy E sym (Col. 4); its slope parameter L (Col. 5) and incompressibility K ∞ (Col. 6) at the calculated saturation density. SNM which is consistent with these elliptic flow experimental data. This region is represented by the red hatched area in Fig. 2 . These collision experiments between heavy nuclei thus provide a selective test for constraining the nuclear EOS up to ∼ 4n 0 . In the same figure, we show the pressure for our two EOS models for SNM obtained from the calculated energy per nucleon and using the standard thermodynamical relation
As we can see our results are fully compatible with the empirical constraints given by Danielewicz et al. (2002) . We want to emphasize that our BHF code, when used in conjunction with the N3LO∆ NN interaction plus our two parametrizations of the N2LO∆ TNF, reaches numerical convergence in the self-consistent scheme within a reasonable number of iterations (between ∼ 7 and 14) and up to the largest densities (n ∼ 1.2 fm −3 ) typical of neutron star maximum mass configurations. Thus, the nuclear matter EOS can be calculated fully microscopically up to these large densities. On the other hand, our BHF code does not reach convergence, already at density ∼ 0.5 fm −3 , when used in conjunction with other interaction models derived at the same order of the ∆-less ChPT (Logoteta et al. 2016b ). Thus, in order to use these other interaction models for neutron star structure calculations, it is necessary to make a questionable extrapolation of the EOS to large densities.
This important difference in the convergence of the BHF scheme with chiral interactions is related to the inclusion of the ∆ isobar both in the two-and three-nucleon potentials used in our present calculations. In fact, the ∆-full ChPT has an improved convergence (Kaiser et al. 1998; Krebbs et al. 2007 ) with respect to the ∆-less ChPT.
Symmetry energy and EOS for asymmetric and β-stable nuclear matter
The EOS of asymmetric nuclear matter can be calculated solving numerically Eqs. (2)- (4) and (8) for various values of the asymmetry parameter (0 ≤ β ≤ 1) and for various densities (0.5 ≤ n/n 0 ≤ 8). These systematic calculations are not particularly demanding from a computational point of view; however, the use of these EOS tables is not ideal for applications to numerical simulations in general relativistic hydrodynamics. Thus, in the present work, in addition to providing EOS in tabular forms, we derive an EOS for asymmetric and β-stable nuclear matter at zero temperature in parametrized forms ready to be used in numerical simulations of binary neutron star merging.
To this end, instead of using the general expression given in Eq. (8) for the BHF potential energy contribution V(n, β) to the energy per nucleon of asymmetric nuclear matter, we employ the so-called parabolic approximation in the asymmetry parameter β (Bombaci & Lombardo 1991)
with V 0 (n) ≡ V 0 (n, β = 0) and E pot sym (n) being the potential energy contribution to the energy per nucleon of SNM and to the total symmetry energy E sym , respectively. Using Eq. (12), E pot sym can be written as the difference between the potential energy contribution to the energy per nucleon of PNM and SNM, i.e.,
It is important to note that the presence of tiny CSB and CIB terms in the nuclear interaction used in the present calculations could invalidate Eq. (12). For example, a CSB component in the NN interaction produces a linear (and more generally odd-power) β-term in Eq. (12) (Haensel 1997) . We have numerically checked the accuracy of Eq. (12) for the N3LO∆ nucleon-nucleon interaction up to the high densities considered in the present calculations. Thus, in agreement with the results of Haensel (1997) and Müther et al. (1999) , the effects on the EOS of asymmetric nuclear matter and on the nuclear symmetry energy of CSB and CIB terms in the NN interaction are essentially negligible. The nucleon chemical potentials µ τ (τ = n, p), inclusive of the rest mass of the particle, can be thus written as
with
where the partial derivatives of the nucleonic energy density
are taken at zero temperature and constant volume, and the upper and lower sign in equations (15) and (16) refers to neutrons and protons, respectively. Subsequently, we parametrize the potential energy contribution to the energy per nucleon of SNM and PNM as
We have fixed the values of the coefficients in Eqs. (18) and (19) fitting the results of our microscopic BHF calculations for SNM and PNM in the density range 0.10-1.20 fm −3 . The coefficients given in Table 3 fit the BHF results with a root mean square relative error (RMSRE) = 0.0069 for both interactions in the case of SNM, and RMSRE = 0.0104 in the case of PNM. The energy per particle E/A corresponding to this parametrization is represented by the different lines in Fig. 1 .
Thus, using Eq. (13) the potential part of the symmetry energy can be written as
Equations (12), (18), and (20), together with Eqs. (6) and (7) giving the kinetic energy per nucleon, provide our parametrized EOS for asymmetric nuclear matter. We next calculate the composition of β-stable nuclear matter, solving the equations for chemical equilibrium in neutrino-free matter (µ ν e = µν e = µ ν µ = µν µ ) (Prakash et al., 1997) at a given total nucleon density n
and for charge neutrality
with electrons and muons treated as relativistic ideal Fermi gases. The potential energy contribution to the nucleon chemical potential can thus be written as
where the upper and lower sign refers to neutrons and protons, respectively. Consequently, the difference between the neutron and proton chemical potentials entering in the β-equilibrium condition (21) can be written as Notes. Threshold baryon density n durca (given in fm −3 ), proton fraction x p (n durca ), and neutron star gravitational mass M durca = M(n durca ) for the considered EOS models.
The composition of β-stable matter, i.e., the particle fractions x i = n i /n (with i = n, p, e − , µ − ) calculated using the parametrization (18) and (19) of our microscopic calculations, is shown in Fig. 3 . The continuous (dashed) lines refer to the model N3LO∆+N2LO∆1 (N3LO∆+N2LO∆2). These results are in agreement with various other microscopic BHF calculations based on realistic nuclear interactions (Baldo et al. 1997; Burgio et al. 2011) .
When the proton fraction x p = n p /n is larger than a threshold value, denoted as x durca p , the direct URCA processes n → p+e − +ν e , p + e − → n + ν e can occur in neutron star matter (Lattimer et al. 1991 ). In β-stable nuclear matter we can easily show that
where Y e = n e /(n e + n µ ) is the leptonic electron fraction. The threshold proton fraction for direct URCA processes is depicted in Fig. 3 by the continuous line labeled x durca p
. Below the muon threshold density x durca p = 1/9. The calculated values for the threshold nucleon number density n durca for the occurrence of direct URCA processes, for the corresponding proton fraction x p (n durca ) together with the corresponding neutron star gravitational mass M durca = M(n c = n durca ) are reported in Table 4 .
Once we have determined the particle fractions x i (n) in β-stable matter, the corresponding nucleonic contribution ε N (n) to the total energy density ε(n) = ε N (n) + ε L (n) can be obtained using Eq. (17). In addition, the nucleonic contribution P N (n) to the total pressure P(n) = P N (n) + P L (n) can be calculated using the thermodynamic relation
Finally, the leptonic contributions ε L and P L to the total energy density and total pressure, respectively, are computed using the expressions for relativistic ideal Fermi gases with m e = 0.511 MeV/c 2 and m µ = 105.658 MeV/c 2 . The resulting EOS for β-stable matter for the two considered nuclear interaction models is shown in Fig. 4 . These results are consistent with those reported in Fig. 1 .
The EOS for β-stable matter is also reported in tabular form in the Appendix, where in addition to the baryon number density, energy density, and pressure, we also list the proton fraction x p and the electron fraction x e . The muon fraction is given by x µ = x p − x e .
Our tabular EOS for β-stable matter can be reproduced in a simple and very accurate parametrized form. To this end we parametrize the total energy density ε (second column in Tables A.1 and A.2) as a function of the nucleon number density n using the simple equation
Then the total pressure can be deduced using the thermodynamical relation
and is given by the polytrope Notes. The parameter a is given in MeV, whereas the parameter b is given in MeV fm 3(Γ−1) . where ρ rm = (a/c 2 )n is the rest-mass density (c is the speed of light) and
The energy density can thus be written as
The coefficients reported in Table 5 fit the tabular EOS for β-stable matter in the density range 0.08-1.30 fm −3 with a RMSRE = 0.00018 in the case of the N3LO∆+N2LO∆1 interaction and RMSRE = 0.00047 in the case of the N3LO∆+N2LO∆2 interaction. The curves representing these parametrized EOS in Fig. 4 are indistinguishable from those obtained from the tabular EOS reported in the Appendix.
In Fig. 5 we plot the speed of sound v s in β-stable matter as a function of the baryon number density n. The plotted curves were obtained performing the numerical derivative of our tabular EOS according to the definition v s /c = (dP/dε) 1/2 . Using our (27) and (29)) for the EOS of β-stable matter, we obtain
The corresponding curves in Fig. 5 are indistinguishable from those obtained using the the numerical derivative from the tabular EOS. The heavy dots on both curves in Fig. 5 represent the central density of the neutron star maximum mass configuration for the corresponding EOS model (see next section). Thus, our EOS models fulfill the causality condition v S /c < 1 up to the highest densities reached in the corresponding neutron star configurations (see next section).
Neutron star structure
The structural properties of non-rotating neutron stars can be obtained integrating numerically the equation for hydrostatic equilibrium in general relativity (Tolman 1934; Oppenheimer & Volkoff 1939) 
and
where G is the gravitational constant and m(r) is the gravitational mass enclosed within a sphere of radial coordinate r (surface area 4πr 2 ). Starting with a central energy density ε c ≡ ε(r = 0), we integrate out Eqs. (33) and (34) until the energy density equals the one corresponding to the density of iron ε sur f /c 2 = 7.86 g/cm 3 . This condition determines the stellar surface and specifies the neutron star radius R (through the surface area 4πR
2 ) and the stellar gravitational mass
The total baryon number of a star with central baryon density n c = n(r = 0) is given by
and the baryonic mass (or "rest mass") of the neutron star is
where m u is a baryonic mass unit that we take equal to m u = m( 12 C)/12 = 1.6605 × 10 2 ) ∼ 0.01. Table 6 . Maximum mass configuration properties for the interaction models considered in this work. The total binding energy of the star is thus
which represents the total energy liberated during the neutron star's birth.
The stellar structure equations (33), (34), and (36) have been integrated using the microscopic EOS (in tabular form) for β-stable nuclear matter described in the previous sections to model the neutron star core, whereas to model the stellar crust (i.e., for nucleonic density ≤ 0.08 fm −3 ) we have used the Baym-Pethick-Sutherland (Baym et al. 1971 ) and the Negele & Vautherin (1973) EOS. The results are shown in Fig. 6 , where we plot the mass-radius (panel (a)) and mass-central density (panel (b) ) relations for the considered EOS models. We note that our EOS models are both compatible with current measured neutron star masses and particularly with the mass M = 2.01 ± 0.04 M ⊙ (Antoniadis et al. 2013 ) of the neutron stars in PSR J0348+0432. The hatched regions in Fig. 6 represent the mass-radius constraints based on the analysis of recent observations of both transiently accreting and bursting X-ray sources obtained by Steiner et al. (2010 Steiner et al. ( , 2013b . Manifestly, the neutron star configurations calculated with our EOS models are able to fulfill these empirical constraints on the mass-radius relationship.
Various structural properties of the maximum mass configuration for the two considered EOS models are listed in Table 6 . Our present results are in good agreement with the results of other calculations (Baldo et al. 1997; Akmal et al. 1998 ) based on microscopic approaches.
The gravitational redshift of a signal emitted from the stellar surface is
Thus, measurements of z sur f of spectral lines can give direct information on the stellar compactness parameter
and consequently can place limits on the EOS for dense matter. The surface gravitational redshift calculated for our two EOS models is presented in Fig. 7 . The two horizontal lines in the same figure represent the measured gravitational redshift z = 0.35 for the X-ray bursts source in the low-mass X-ray binary EXO 07482−676 (Cottam et al. 2002) and z = 0.205
+0.006
−0.003 for the isolated neutron star RX J0720.4−3125 (Hambaryan et al. 2017) .
In Fig. 8 (left panel) we plot the binding energy E bind versus the stellar gravitational mass M. Various empirical formulae have been given to describe the dependence E bind (M) or E bind (M B ) (Lattimer & Yahil 1989; Prakash et al. 1997; Lattimer & Prakash 2001) . In particular many numerical calculations have shown that there is a narrow band of possible values of the stellar binding energy for a given mass implying the existence of a universal relation E bind (M) or E bind (M B ).
Our calculated binding energy for neutron stars in the mass range 1.0M ⊙ ≤ M ≤ M max can be fitted with very high accuracy using the simple relation
(41) with a bind = 1.055 × 10 53 erg (a bind = 1.073 × 10 53 erg) for the N3LO∆+N2LO∆1 (N3LO∆+N2LO∆2) EOS model. Next, in Fig. 8 (right panel) we plot the quantity E bind /(Mc 2 ) as a function of the surface gravitational redshift z sur f . The results for the stellar binding energy from the numerical integration of the TOV equation for neutron stars in the mass range 1.0M ⊙ ≤ M ≤ M max can be fitted with very high accuracy using the simple relation
with t 1 = 0.4505 (t 1 = 0.4509) and t 3 = −0.4207 (t 3 = −0.4832) for the N3LO∆+N2LO∆1 (N3LO∆+N2LO∆2) EOS model. The binding energy of a neutron star could be deduced from the detection of neutrinos from a nearby supernova. In addition, a possible measurement of z sur f for the neutron star left behind by the same supernova event will give very strong constraints on the EOS of stellar matter. We note that a few minutes after its birth a neutron star can be described using the EOS of cold (i.e., at zero temperature) and neutrino-free matter (Prakash et al. 1997) . Fig. 7 . Gravitational redshift at the neutron star surface as a function of the stellar gravitational mass for the two considered EOS models. The horizontal lines represent the measured gravitational redshift z = 0.35 for the X-ray burst source in the low-mass X-ray binary EXO 07482−676 (Cottam et al. 2002) and z = 0.205
Summary
In this work we derived a new microscopic EOS of dense SMN, PNM, as well as asymmetric and β-stable nuclear matter at zero temperature using modern two-body and three-body nuclear forces determined in the framework of chiral perturbation theory and including the ∆ isobar intermediate state.
To this end, we employed the BHF many-body approach, which properly takes into account the short-range correlations arising from the strongly repulsive core in the bare NN interaction. This feature is particularly relevant in the case of matter at supranuclear densities. Our EOS models are able to reproduce the empirical saturation point of symmetric nuclear matter, the symmetry energy E sym , and its slope parameter L at the empirical saturation density n 0 and are compatible with experimental data from collisions between heavy nuclei at energies ranging from a few tens of MeV up to several hundreds of MeV per nucleon. We used our EOS for β-stable nuclear matter to compute various structural properties of non-rotating neutron stars. The calculated neutron star configurations are consistent with present measured neutron star masses and particularly with the mass M = 2.01 ± 0.04 M ⊙ of the neutron stars in PSR J0348+0432. We provided our new EOS both in tabular form and in parametrized form ready to be used in numerical general relativity simulations of binary neutron star merging. To this purpose our zero temperature EOS needs to be supplemented by a thermal contribution that accounts for the sizeable increase in the internal energy at the merger. This is usually done by adding an ideal-fluid component to the zero temperature EOS, which accounts for the shock heating (Rezzolla & Zanotti 2013) . In a more consistent thermodynamical approach the EOS relevant for core-collapse SNe and BNS mergers simulations should be derived within a finite temperature many-body approach (Shen et al. 1998; Hempel & Schaffner-Bielich 2010; Steiner et al. 2013a; Oertel et al. 2017; Togashi et al. 2017) . We are presently working on the extension of our microscopic nuclear matter EOS based on nuclear chiral interactions to the case of finite temperature for applications to numerical simulations of the above-mentioned astrophysical phenomena.
In future studies we also plan to extend our present calculations to the case of β-stable hyperonic matter, based on nucleonhyperon (Haidenbauer et al. 2013) , and hyperon-hyperon (Haidenbauer et al. 2016) interactions derived in the framework of ChPT, and to include hyperonic three-body interactions within this formalism. Notes. The different entries in the table from Col. 1 to Col. 5 are respectively the baryon number density n, the total energy density ε, the total pressure P, the proton fraction x p , and the electron fraction x e . The muon fraction is given by x µ = x p − x e . Notes. Table entries as in the previous table. 
